Introduction {#sec1-1}
============

A model can be conceptualized as a simplified representation of reality and then defined as a set of assumptions that will result in mathematical equations, which can be programmed in a computer tool (Zwietering and den Besten, [@ref23]). Mathematical models, which are useful and usable for estimating the microbial responses in foods, can be embedded and used in predictive microbiology (Baranyi and Roberts, [@ref1]). The basic idea underlying predictive microbiology is that the behaviour of microorganisms is deterministic and able to be predicted from knowledge of the microorganism itself, and the immediate environment of the microorganisms (McMeekin *et al.*, [@ref12]). In the last two decades, predictive microbiology has established itself as a sub-discipline of food microbiology and of technology that are required for its applications (McMeekin *et al.*, [@ref11]). This sub-discipline has been recently accepted as a tool for assessing and managing food safety, which is essentially based on the control of hazard.

Modelling tools and data resulting from predictive microbiology can deliver benefits to both the food industry and food inspectors. In an industrial context, use of these tools could help producers in designing safe processes and in determining storage conditions. For official controls, modelling could be valuable for deciding how to carry out risk-based controls and for their prioritisation.

For effective applications of predictive modelling into real world food, modelling tools should be intended for practical use, enabling users to retrieve information intuitively and providing an easy way to access prediction (Polese *et al.*, [@ref18]). To facilitate this process, an accessible and affordable modelling tool (*Praedicere Possumus*, PP) to meet the demand of producers and safety authorities has been proposed.

*Praedicere Possumus*: the models and the structure {#sec1-2}
===================================================

The web-based application PP, which is available on the web site of the University of Udine (Italy) at <http://praedicere.uniud.it/>, provides a deterministic approach for prediction. The application contains a group of models that address the growth probability, the growth kinetics, and the thermal and non-thermal inactivation kinetics of ten foodborne pathogenic bacteria. The core of PP includes both a growth/nogrowth (G/NG) model and a growth/inactivation partitioning parameter (P), termed growth probability, which quantifies the distance between the growth boundary and the specific product characteristics (Polese *et al*., [@ref16]). When P calculated from the G/NG model is \>0.1, growth is likely (Tienungoon *et al*., [@ref21]) and the pathogen population density is estimated with a kinetic approach, which uses a three-phase linear model (TPL) (Buchanan *et al.*, [@ref4]). A Gamma type model (Zwietering *et al*., [@ref24]), which was inspired from the structure of the equation described by Mejlholm and Dalgaard ([@ref14]), is used as secondary model for the estimation of the parameter μ~max~ over discrete time intervals. To take into account the lag time, the relative lag time (RLT), which represents the ratio of the lag time and the generation time (Mellefont and Ross, [@ref15]) was included in the PP. For the prediction of population changes during processing/storage, which is estimated in relation to the specific conditions monitored at each processing/ period/step, the cumulative approach for the lag time applicable to microbial growth under dynamic conditions (Koutsoumanis, [@ref10]) was incorporated.

In environmental conditions precluding growth (P≤0.1), non-thermal inactivation over time is likely (McQuestin *et al*, [@ref13]), and the pathogen population density is determined by the Weibull equation (Mafart *et al.*, [@ref9]), with the time of first decimal reduction estimated with the model of Zhang *et al.* ([@ref22]).

To optimise the use of industrial data, the application offers two functionalities, namely the fractional contribution of each inhibitory factor to growth probability (f) and the time-dependent probability parameter (P~t~) (Polese *et al.*, [@ref17], [@ref19]). Applying a Gamma structure (Zwietering *et al*., [@ref24]), the fractional contribution of each inhibitory factor to growth probability was evaluated as a function of the difference between the actual level of the factor and the inhibiting value, adjusted for the suboptimal interval of the factor. This parameter provides a quantitative estimation of the impact of each factor on the growth probability of the pathogen. The time-dependent growth probability parameter was described as a function of the growth probability and the growth rate (GR) and represents the change in growth probability over time.

To assist the user in organizing information around their own specific needs, the menu structure is organised through modules. The generic module provides the opportunity to run many different food safety scenarios, *i.e.* to predict what may happen to all the 10 pathogenic bacteria in terms of growth probability (P and P~t~), growth and thermal/non thermal inactivation under different process/storage temperatures or over different storage times. Prediction can be provided based on key factors, such as pH and a~w~, as well as a function of a generic gamma factor (g) for other possible controlling factors. This module can help users in screening the various hazards likely to be involved in the selected conditions, which can include processing and/or storage situations.

The application of the specific module is the assessment of each pathogen probability of growth, growth or inactivation in response to the key controlling factors and other additional environmental parameters, such as organic acids and food additives. The (f) option, which reflects the size of each applied hurdle, can assist food developers in designing products under conditions that are closer to microbial growth/nogrowth boundaries (Pujol *et al.*, [@ref20]). The introduction of the variable outcome (P~t~), which takes into account the storage time in a time-dependent probability parameter, provides a mechanism for the simulation of the growth probability of a pathogen related to a specific time. This option is intended to be used in the estimation/validation of the shelf life of food based on the potential growth of the pathogen of concern.

A process module has been developed to predict a pathogen behaviour as a function of processing/storage conditions, including different steps, which are modelled such as growth probability, timedependent probability, growth and inactivation. This modelling approach helps users to optimise processes and to define critical control points and critical limits, as well as to determine safe corrective actions when processing deviations occur. Research examples are given on the practical use of PP for the growth prediction of *Listeria monocytogenes* in meat products.

How to determine the compliance of a ready-to-eat food with the European Commission Regulation 2073/2005 criteria (for *L. monocytogenes* taking into consideration the effect of processing? {#sec1-3}
=============================================================================================================================================================================================

Pitina is a low-acid non-fermented meat product made by small producers who follow a traditional local recipe from the north east of Italy. This artisanal product is a ready-to-eat (RTE) food that is actually consumed raw after being processed for about 30 days. Applying the PP specific module to estimating growth probability, Pitina, at the end of processing, was found to be unable to support the growth of *L. monocytogenes* at refrigeration temperature (4°C), at the most likely storage temperature (6°C) and at abused temperature (12°C), with pH and a~w~ being the substantial factors contributing to stability ([Figures 1](#fig001){ref-type="fig"} and 2). A challenge test ended up with the same conclusion, with the inoculation findings lacking of flexibility since results are only valid under the challenge test conditions (Beaufort, [@ref2]).

However, even if Pitina belongs to the category of products that are unable to support the growth of *L. monocytogenes*, this does not mean that the population of the pathogen in Pitina during storage in the market would not exceed its maximum allowable concentration. The non-compliance to the safety criterion will be dependent on the evolution of the initial contamination during processing. Therefore, the question was whether the process conditions could be favourable or unfavourable for growth of *L. monocytogenes* (Polese *et al*., [@ref17]). Applying the PP process module, each processing stage was separately tested, each growth probability was calculated and the pathogen concentration at the end of each stage estimated ([Table 1](#table001){ref-type="table"}). Only one of the two drying stages had an influence on the probability of growth (P=0.25) and on the population size, which was predicted to increase by 0.16 log CFU g^-1^. The inoculation study, showing a small increase in the pathogen numbers, confirmed the validity of the prediction. Null growth probability was predicted and no-growth was observed in the latter stages of the process and during storage in MAP.

Thus, PP proved to be a valuable tool for producers and safety authorities for determining the compliance of an RTE product, such as Pitina, with the EC safety criteria (EC 2005, 2007), as well as to identify critical stages of the process.

Are specific processing conditions for artisanal salami favourable or unfavourable for *L. monocytogenes* growth? {#sec1-4}
=================================================================================================================

In the north east of Italy, artisanal salami are manufactured mainly during cold seasons, from fresh pork meat, pork fat and salt by means of techniques derived from local traditions. To preserve variability, starter cultures are not used and the fermentation process relies on indigenous microflora whose origins result from the raw material, mainly meat, or from the environment. When the dependence of the probability of growth, and of the growth of *L. monocytogenes* on temperature, pH, a~w~, lactic acid and indigenous lactic acid bacteria of salami was predicted by the PP process module (in its Excel dynamic version), it appeared that the contribution of the inhibitory factors in the artisanal processing did not result in an early inhibition of *Listeria* growth ([Figures 3](#fig003){ref-type="fig"} and 4) (Polese *et al.*, [@ref19]). The predicted final magnitude level of *Listeria* population was ≥ 2 log in 2 out of the 5 salami batches examined, exceeding the tolerated level of 2.0 log CFU g^-1^ adopted by the EC Regulation. Applying PP in its dynamic (Bernaerts *et al*., [@ref3]) version (using a numerical approach for solving differential equation models) to potential scenarios that included the contribution of starter cultures, the onset of *Listeria* inhibition was predicted earlier, preventing the pathogen from exceeding its critical limit. The simultaneous growth of lactic acid bacteria (LAB) and *L. monocytogenes* was modelled using the Jameson approach (Jameson, [@ref8]), reconsidered by Cornu *et al*. ([@ref5]). Given its prediction capability, PP could be useful in assisting producers of fermented foods, such as salami, in the effective management of preventive and corrective measures.

Conclusions {#sec1-5}
===========

The PP application, which incorporates a set of models for various pathogenic bacteria, is intended for practical uses by both specialists and non-specialists. It allows users to evaluate the growth chance, the growth or survival of a pathogen, to quantify the combined effect of various hurdles on the probability of growth even in a time dependent manner, and to define combinations at which growth ceases in a variety of food products. PP may be a valuable tool for producers by assisting them in the safety management of food based on definition of appropriate processing conditions and product formulations for controlling the hazard, and on selecting the maximum safe shelf life based on the likely growth of the pathogen of concern. On the other hand, the tool may be useful for food inspectors in assessing the compliance of food to safety criteria and in assisting auditors when they assess the safety of processes within a food business (validation of procedures -- *i.e.* HACCP - for controlling the hazard).

In conclusion, we hope that this application will represent a bridge between producers and food safety authorities and will assist them in their common commitment towards the production of safer food products.

PP was developed within the MIUR Project "Proof of Concept Network" (PoCN), managed by AREA Science Park (Trieste, Italy). The dynamic Excel version of the application is available on request to the authors.

![Growth/no growth boundaries at P=0.1 for *L. monocytogenes* in Pitina at 4°C (▲), 6°C (♦) and 12°C (●) with respect to pH and a~w~. Products to the left of growth boundary do not support the growth of the pathogen at the specified temperature. Dot distances to the G/NG boundary reflect variability in stability of the 21 samples assessed through PP.](ijfs-7-1-6943-g001){#fig001}

![The fractional contribution (expressed as 1-f ) of each inhibitory factor to growth probability for *L. monocytogenes* in Pitina.](ijfs-7-1-6943-g002){#fig002}

![Predicted growth probability (P), time-dependent growth probability (P~t~) and growth (Log CFU g^-1^) of *L. monocytogenes* in artisanal salami over time in the absence (a) and in the presence (b) of starter cultures.](ijfs-7-1-6943-g003){#fig003}

![The fractional contribution (expressed as 1-f ) of inhibitory factors to growth probability for *L. monocytogenes* in salami over time in the absence (a) and in the presence (b) of starter cultures.](ijfs-7-1-6943-g004){#fig004}

###### 

Comparison of observed and predicted responses of L. monocytogenes in Pitina samples during processing and storage.

  Pitina processing steps   Observed *L. monocytogenes* growth response                                                         Predicted *L. monocytogenes* growth response   
  ------------------------- --------------------------------------------- ---------------------------------------------- ------ ---------------------------------------------- ------
  Drying (I)                0                                             0.16 (0.03)^[e](#tfn5){ref-type="table-fn"}^   0.25   0.04                                           0.16
  Smoking (I)               0                                             \-                                             0.00   0.04                                           \-
  Smoking (II)              0                                             \-                                             0.00   0.04                                           \-
  Ripening                  0                                             \-                                             0.00   0.04                                           \-
  Shelf life                0                                             \-                                             0.00   0.04                                           \-

^a^Percentage (%) of *Listeria* positive samples (log increase \>0.5 Log CFU g^-1^)

^b^log CFU g^-1^ increase was calculated as the difference between the log concentration (mean value) reached in each stage and the initial inoculum level

^c^response of the PP application in terms of probability of growth: P\>0.1 likely growth conditions, P≤0.1 unlikely growth conditions

^d^response of the PP application in terms of probability of growth related to a specific time: P~t~\>0.1 likely growth conditions, P~t~≤0.1 unlikely growth conditions

^e^standard error.
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